Specific gravity is an important parameter in the dispersal of marine zooplankton, because the velocity of currents, and therefore the speed of transport, is usually greatest near the surface. For the South African chokka squid (Loligo reynaudii), recruitment is thought to be influenced by the successful transport of paralarvae from the spawning grounds to a food-rich feature known as the cold ridge some 100-200 km away. The role of paralarval specific gravity on such transport is investigated. Specific gravity ranged from 1.0373 to 1.0734 g cm −3 during the yolk-utilization phase, implying that paralarvae are always negatively buoyant, regardless of yolk content. The data were incorporated into a coupled individual-based model (IBM)-Regional Ocean Modelling System model. The output showed that dispersal was dominantly westward towards the cold ridge. Also, modelled paralarval vertical distribution suggested that hydrodynamic turbulence was an important factor in dispersal. The negative buoyancy of early chokka squid paralarvae may reduce the risk of paralarvae being advected off the eastern Agulhas Bank and into the open ocean, where food is less abundant, so specific gravity may be important in enhancing the survival and recruitment of chokka squid.
Introduction
are entrained, increasing the energetic cost of locomotion (Thompson and Kier, 2001) . Moreover, even small changes in specific gravity are important in influencing the distribution and transport of fish eggs and larvae (Sundby, 1991; Sclafani et al., 1997; Parada et al., 2003) , so the same would be expected for squid paralarvae.
As in other cephalopods, loliginid embryos develop from yolkrich, telolecithal eggs (Boletzky, 2003) , and the paralarvae hatch with a relatively large quantity of internal yolk reserves, perhaps up to 50% of their body dry weight (Vidal et al., 2002) . The utilization of yolk is temperature-dependent, and there is little, if any, conversion of yolky matter into somatic tissue (Vidal et al., 2002 (Vidal et al., , 2005 Martins et al., 2010) . Therefore, the specific gravity of paralarvae would be affected by variation in the yolk content, influencing dispersal during the phase of yolk utilization.
The aims of this study were therefore (i) to estimate the specific gravity of newly hatched chokka squid paralarvae and changes attributable to yolk utilization and (ii) to investigate the effect of specific gravity on the horizontal dispersal of the paralarvae, with emphasis on the potential to reach the cold ridge nursery ground.
Material and methods

Egg collection, incubation, rearing procedures, and experimental design
On 18 November 2007, scuba divers collected chokka squid eggs on a spawning ground 25 m deep in St Francis Bay, South Africa. These were air-freighted to the Marine and Coastal Management (MCM) Research Aquarium in Cape Town. Travel time was 11 h, and mean water temperature was 18.88 + 3.908C. On arrival, the embryos were found to be at stage 25 of embryonic development (Arnold, 1965) . The eggs were incubated for 12 d in a flow-through hatching tank, with incubation and rearing procedures and the rearing system the same as described by Martins et al. (2010) . Water turnover during incubation was 42 × tank volume d
21
, with an average temperature of 13.66 + 0.558C. A low luminosity of 13-54 lux was maintained at the water surface. Dissolved oxygen was maintained above 7 mg l
, and mean salinity and pH were 34.6 psu and 7.85, respectively. Nitrogenous waste levels were 5 × 10 25 mg l 21 for nitrite and 0 mg l 21 for ammonia. Most eggs hatched on 1 December 2007, defined here as experimental day 0. Paralarvae hatched earlier than that were discarded to ensure homogeneity of age. In all, 1500 paralarvae were transferred individually from the hatching tank to each of three flowthrough experimental replicated tanks (referred to as the "tank line"), i.e. a total of 4500 paralarvae. The rearing temperature (+s.d.) was 14.44 + 0.108C for the 7-d experiment, with a maximum temperature difference of 0.18C between tanks. No food was provided. A water inflow of 1.25 l min 21 was used in all experimental tanks. Water turnover during the experiment was 13 × tank line volume d
. Luminosity at the water surface ranged between 37 and 98 lux. The average values of dissolved oxygen (mg l 21 ), salinity (psu), and pH were (+s.d.) 7.29 + 0.26, 34.6 + 0.17, and 7.92 + 0.09, respectively. The nitrite level was 5 × 10 25 mg l
, with ammonia being undetectable in the rearing water during the experiment.
Measurement of settling rates and seawater specific gravity
Settling rate experiments, i.e. to determine the terminal velocity of sinking, were conducted in a temperature-controlled room at 148C (the same temperature as incubation and rearing), using 75 paralarvae collected daily from the rearing tanks (25 from each tank), anaesthetized with magnesium chloride (Oestmann et al., 1997) . From these, 30 were used for the settling trials and estimation of yolk content. All paralarvae from each group were subsequently used for estimating wet and dry weights (see below).
The measurements of settling rate were made in a glass column 50 cm high and 7.5 cm diameter filled with seawater collected from the rearing system and stored in a 60-l plastic bin. The water was allowed to equilibrate to room ambient temperature 3 d before the experiments. Anaesthetized paralarvae were individually collected with a pipette, visually evaluated under a microscope at ×20 magnification for life signals, i.e. systemic or branchial heartbeat, then checked for tiny air bubbles or dirt attached to the body surface or trapped inside the mantle cavity. Each paralarva was then carefully placed in the column and allowed to settle for 10 cm to reach terminal velocity (Zeldis et al., 1995) . Settling time was recorded with a stopwatch from 40 cm down. Velocity was calculated from the slope of the plot of settling distance vs. time. Paralarvae were siphoned from the bottom of the column and placed in a plastic tray with divisions, for further measurement. The specific gravity of the water was measured with a Sea Bird SBE 19 SEACAT Profiler CTD placed into the water storage bin for 10 min before each experiment.
Body measurements, yolk weights, moisture content, survival, yolk utilization, and growth rates Dorsal and ventral digital images of the paralarvae used in the settling experiments were recorded with a compound microscope at ×20 magnification fitted with a high-resolution video system. Measurements (mm) of mantle length (ML), total length (TL), and other relevant dimensions of the paralarvae were taken using AuxioVision LE# (4.1 version) image analysis software. Measurements of the anterior and the posterior internal yolk sac were taken from the ventral images. The volume of the yolk sac was estimated by superimposing the standard geometric forms on the body shapes (Vidal et al., 2002 (Vidal et al., , 2005 , and yolk wet weight was calculated by multiplying the yolk volume by a specific gravity of 1.036 g cm 23 (O'Dor et al., 1986) . Wet and dry weights of the paralarvae were obtained using a Sartorius A120S analytical balance, as described by Martins et al. (2010) . Every day, 15 groups of 5 paralarvae each were weighed; wet weight was estimated by dividing the total weight by the number of squid in each group. Similarly, dry weights were obtained after drying the paralarvae in an oven at 608C for 20 h and cooling in a desiccator for 4 h. Moisture content was expressed as the difference (%) between the wet and the dry weights.
Mortality was determined daily by siphoning dead paralarvae from the bottom of the tanks, and survival was estimated as the percentage of live paralarvae left in each tank relative to the initial number of paralarvae (1500), excluding those sampled for data collection. Yolk utilization and growth rates (daily instantaneous, in % d
21
) were determined by fitting a standard exponential model to data on wet-weight-at-age and yolk-at-age (Vidal et al., 2002) .
Estimating the specific gravity of paralarvae There were limits to estimating the three-dimensional shape of a squid paralarva accurately, so several assumptions had to be made: (i) paralarvae were assumed to approximate a rotational ellipsoid in form (Figure 1 ), Q4 and volume (V ) was estimated using the formula V ¼ 0.1667 p LH 2 (Heming and Buddington, 1988) ;
(ii) the major axis (L) was assumed to be the length between the mantle tip and the base of the fourth pair of arms, and the height (H) was measured halfway along the major axis (measurements were made with the animal in the ventral position and the mantle relaxed; Figure 1 ); (iii) as the bulk of paralarval weight is contained in the head and mantle, the fins and arms were not considered in the calculations;
(iv) the diameter (d) of the spherical particle used in subsequent equations was based on the radius of a sphere with the same volume as the ellipsoid (Tanaka, 1992) ;
(v) the resistance for spheres ranges between 95 and 110% of ellipsoids (McNown and Malaika, 1950) , so it was assumed that the resistance of a sphere is equal to that of an ellipsoid in a viscous fluid (Tanaka, 1992) .
To determine the applicability of the Stokes equation for estimating the specific gravity of paralarvae, the Reynolds number (Re), a non-dimensional index that characterizes the relative importance of inertial forces and viscous forces on a body embedded in a fluid environment (Mann and Lazier, 1991) , was calculated for each transformed spheroid particle using the formula (Moore and Villareal, 1996) Re = wd v/r w ,
where d (cm) is the diameter of the transformed spheroid particle, w (cm s
) the settling velocity (corrected, see below), v the seawater molecular viscosity (0.01 g s 21 cm
; Tanaka, 1992) , and r w the specific gravity of seawater (g cm 23 ). The result was that all transformed spheroid particles had a Re . 0.5 (range: 1.93-3.91; average: 2.66 + 0.39 s.d.), which meant that the traditional Stokes equation could not be used (Sundby, 1983) and that an adapted equation had to be used.
The observed settling velocities (in cm s
21
) in the glass column were biased because of wall and end effects, so they were corrected using the formula proposed by Cambalik et al. (1998) :
where w is the settling velocity, w 1 the settling velocity in a medium of infinite width and height, r and R the radii of the transformed spheroid particle and the apparatus, respectively, and h the height of the measured volume. The specific gravity of the paralarvae (r p ) was then estimated from the transformed spheroid particles and settling velocity data, using the formula (Sundby, 1983) :
where K I is a constant approximately equal to 19,
where d is the true diameter of the paralarva, D the uppermost limit of size where the Stokes equation applies (i.e. 0.6 mm), and z a constant equal to 0.4 for spheres.
The effect of specific gravity on dispersal of paralarvae A Regional Ocean Model System (ROMS) coupled to an individual-based model (IBM) was used to investigate the effect of specific gravity on the dispersal of squid paralarvae.
Hydrodynamic model
An ROMS has previously been configured for the region 2.58W to 54.88E and 4.8 -46.88S by Penven et al. (2006) and is referred to as the Southern African Experiment (SAfE). ROMS is a self-explicit, free-surface, hydrostatic, primitive equation ocean model (Shchepetkin and McWilliams, 2005) , and it uses stretched terrain-following coordinates in the vertical domain and orthogonal curvilinear coordinates in the horizontal direction (Song and Haidvogel, 1994) . Horizontal resolution is 1/48, and it ranges from 19 km in the south to 27.6 km in the north. Vertical resolution is high at the surface (0.37 -5.70 m) and coarse (11 -981 m) in the bottom layers, with 32 s-coordinate levels between the surface and the bottom. GEBCO (General Bathymetric Chart of the Oceans) data were used for bottom topography. The model started from rest and was forced at the surface using the comprehensive ocean-atmosphere dataset (COADS) monthly climatology (Da Silva et al., 1994) and the WOA (World Ocean Atlas) temperature and salinity data (Conkright et al., 2002) . As the model took 2 years to reach statistical equilibrium, only output data from years 3 to 10 were used. More details on the structure and functioning of SAfE are given in Lett et al. (2007) and Chang (2008) .
As this study required high resolution to reproduce coastal hydrodynamics on the eastern Agulhas Bank, particularly in the embayments and near the cold ridge, a child model was extracted from the parent model for the area between 11.6 and 27.48E and 27.7 and 38.88E (Figure 2 ). The child model had a temporal and spatial resolution three times higher than the parent model, with 160 × 190 gridpoints in the horizontal direction, and 32 vertical levels. This yielded a horizontal resolution of 1/128 ( 8 km). The boundary conditions of the child grid were supplied by the parent grid. A full description of the child configuration is given in Chang (2008) . The SAfE configuration of ROMS has been validated by Penven et al. (2006) , and it was shown that all known large and mesoscale oceanographic features in the region reproduced and compared well with field and satellite data. For instance, the simulated transport volume in the Agulhas Current compared well with that determined by field measurements (Bryden et al., 2005) ; the Agulhas Return Current is at the correct latitude (Lutjeharms and Ansorge, 2001) and exhibits meanders at observed longitudes (Boebel et al., 2003) ; and the model mean sea surface height (SSH) matches the observed SSH derived from hydrographic data, surface drifter velocities, altimetry, and a geoid model (Rio and Hernandez, 2004) .
Individual-based model
The effect of the specific gravity on dispersal of paralarvae was assessed using the open source Ichthyop software (2.1.1 version). This tool tracks passive movements of Lagrangian particles using velocity fields stored from hydrodynamic model simulations i.e. ROMS (Lett et al., 2008) . The outputs generated by Ichthyop record the position (latitude and longitude), depth, temperature, and salinity experienced by each tracked particle embedded within the hydrodynamic fields of the model. The performance of Ichthyop has been tested (i) by tracking particle trajectories in an artificially uniform velocity field and (ii) by comparing with another offline Lagrangian tool (see details in Lett et al., 2007) . The program was modified to change particle specific gravity with age, according to the formula Sp.gr. = 1.0539 e −0.0018a ,
where Sp. gr. is the specific gravity (in g cm
23
) and a the age in days after hatching. This meant that the specific gravity of particles ranged from 1.054 to 1.043 g cm 23 during the 7-d simulations in this study.
Particles were released at three locations off St Francis Bay, defined in Figure 2 by rectangles of 8 km × 19 km ( 152 km 2 ), and termed Bay In, Bay Off, and Mid-Shelf. Bay In and Bay Off were spaced 2.5 km apart, and Mid-Shelf was 17 km from Bay Off. These areas were chosen not only to straddle the depth range of the spawning grounds between 20 and 120 m, but also to be inclusive of an embayment (Oosthuizen and Roberts, 2009 ). Moreover, the areas are known spawning sites for chokka squid Roberts et al., 2002) . The depth at these sites ranged between 35 and 80, 86 and 124, and 110 and 130 m, respectively. The release areas encompassed 4-8 gridpoints of the child SAfE model (Figure 2) . In all, 15 000 particles were released during each simulation, i.e. 5000 particles per release area. No diffusion terms, biological, or behavioural characteristics were included in the simulations, resulting in passive particle movement only (i.e. Lagrangian). As chokka squid eggs are benthic, particles in the model were released in the bottom layer, i.e. 34 m at Bay In, 85 m at Bay Off, and 109 m at Mid-Shelf. Simulations were run using child model years 3, 7, and 10, and only the month of November, when spawning activity normally peaks (Augustyn et al., 1994) .
Particles were released once per week for 4 weeks and tracked for 7 d. To assess the importance of buoyancy for dispersal, simulations were performed with particles that changed specific gravity and with particles that were neutrally buoyant. Dispersal was characterized horizontally and expressed as the average displacement distance from the release areas. Displacement distances between initial and final positions of each non-beached particle were calculated from Koordinaten.de (2008) :
where 6378.137 km is the radius of the equator and d the distance (in radians) between two geographical locations, assuming a spherical shape of the planet, calculated as follows:
where Lat 1 2 Long 1 and Lat 2 2 Long 2 are the radian-transformed coordinates of initial and final positions of each particle. The numbers of particles retained within each release area and beached were also recorded. The effect on dispersal distance of the release area, week, year, and specific gravity and factor interactions were assessed with a multifactor ANOVA, allowing several levels of interactions, to gain insights from the global model (Lebreton et al., 1992) .
Modelled vertical distribution
Composite vertical profiles for each release area, showing the concentration of particles in 10 m layers, were calculated from model outputs for all 7-d simulations, i.e. for all 3 years. As the data did not match the conditions of normality and homoscedasticity, differences in particle depth concentrations between varying specific gravity and neutrally buoyant particles were compared with a non-parametric Mann-Whitney U-test (Zar, 1996) .
Results
Mean (+s.d.) body measurements of paralarvae at hatching were 2.54 + 0.08 mm ML and 4.97 + 0.11 mm TL. Wet, dry, and yolk weights were 2.02 + 0.09, 0.40 + 0.04, and 0.26 + 0.10 mg, respectively. Yolk was exponentially utilized at an instantaneous rate of 32% d
21 and was exhausted 6-7 d after hatching (Figure 3) . Body weight followed the same trend, with a weight loss rate of 10% d 21 (data not shown). Mortality peaked on Day 5 at 80%. Daily changes in specific gravity were best modelled by an exponential function (Figure 3) , and the moisture levels of paralarvae increased while specific gravity decreased with age ( Figure 4) .
The relationships between specific gravity, yolk, and body weight are depicted in Figure 5 . Log-linear functions provided the best fit to these data. It is clear that the yolk content (p , 0.05) explained much of the variability in the specific gravity measurements, evidenced by large coefficients of determination (r 2 . 0.60 Q2 ) for the fitted curves (Figure 5a and b) . This fit deteriorated (r 2 ¼ 0.48; Figure 5c ) when yolk content was removed from the body weight, which suggested that the yolk content accounts for some of the variability in specific gravity.
The effect of varying specific gravity relative to neutral buoyancy on particle dispersion is shown in the composite model simulation plots of Figure 6 . Irrespective of buoyancy, the data show that most of the dispersal was westwards for all three release areas. Interestingly, some particles with a varying specific gravity released on the mid-shelf were transported eastwards to Algoa Bay (Figure 6c ). In general, the neutrally buoyant particles dispersed over greater areas relative to their negatively buoyant counterparts. Notably, particles released at the Mid-Shelf site were transported farthest, resulting in dispersal over much of the eastern and outer central Agulhas Bank (Figure 6c ). Some particles even left the shelf (i.e. past the 200-m isobath) at the southern tip of the Agulhas Bank. Dispersal distance increased between the inshore and the offshore release sites (Table 1) . Distance covered by the particles with varying specific gravity, on average, was shorter than their neutrally buoyant counterparts. This was especially evident for the Mid-Shelf release area, where the overall distance travelled by particles with varying specific gravity were 1.7 times shorter than, and the associated variance nearly half that of, the neutrally buoyant particles (Table 1) . Also, the relative retention of particles in the release rectangles and those beached decreased from inshore to offshore. Interestingly, the proportion of particles retained and beached was higher for particles with varying specific gravity than for those that were neutrally buoyant (Table 1) . Of the variables in the analysis, release area (18.75%), followed by specific gravity (1.85%), and all the situations where those two variables interacted, accounted for the greatest variance in the model (Table 2 ). All the other variables and their interactions, although statistically significant, were each responsible for ,1% of the variance (Table 2) .
Composite vertical profiles for the concentration of particles in 10 m layers after 7 d are shown in Figure 7 . Except Bay Off (neutral), most particles remained at the release depth. The largest difference in behaviour between the neutrally buoyant and varying specific gravity particles was at the Bay In site, where the former moved up into the water column. The negative buoyancy of the latter appears to have prevented particles from entering the surface layer. The difference in behaviour between particle types was less marked at the other two sites. Note that the distributions of particles below the release depth were attributable to the sloping bathymetry either side of the release point in the demarcated areas. For the Bay In, Bay Off, and Mid-Shelf areas, the depth differences between the shallowest and the deepest boundaries were 50, 38, and 20 m, respectively.
Perhaps of some importance is the tendency for negatively buoyant particles to be more concentrated in the lower water column (i.e. 60-90 m) at the Mid-Shelf site. Statistically, the vertical distribution of neutrally buoyant particles and particles of varying specific gravity differed significantly in all release areas (the Mann-Whitney U-test, p , 0.05).
Discussion
Specific gravity of paralarvae vs. yolk utilization
The results showed that chokka paralarvae always have a specific gravity greater than the surrounding seawater in the rearing tanks (Dr ¼ 0.0193-0.0310 g cm 23 ). The specific gravity of paralarvae was strongly influenced by the yolk content and changed with its utilization, i.e. specific gravity decreased as the yolk was utilized. Concomitantly, the water content of paralarvae increased.
Similar relationships have been found for a number of fish species, including Atlantic salmon (Salmo salar; Peterson and Metcalfe, 1977) , Atlantic cod (Gadus morhua; Ellertsen et al., 1980) , Atlantic herring (Clupea harengus; Henri et al., 1985) , goby (Sicydium punctatum; Bell and Brown, 1995) , and striped trumpeter (Latris lineate; Trotter et al., 2005) . As in chokka squid paralarvae, specific gravity in all these fish larvae is greatest at hatching, then decreases to a minimum at yolk exhaustion. A difference between chokka squid and fish, however, is that the changes in the specific gravity of fish larvae driven by yolk utilization seem to be related to the utilization of yolk for somatic growth (Heming and Buddington, 1988) . In contrast, squid paralarvae do not appear to convert yolky matter into somatic tissue (Vidal et al., 2002) , implying that the observed decrease in specific gravity and concomitant increase in water content are caused by catabolism of internal yolk of high specific gravity (and low in moisture) to fuel metabolism.
A comparison between the specific gravity of chokka squid paralarvae and several fish and invertebrate larvae and holoplanktonic crustaceans is given in Table 3 . This evaluation shows that chokka paralarvae are heavier than most of the organisms listed, but lighter than the ostracod Conchoecia sp. and heavy-shelled invertebrate larvae. Chokka squid paralarvae have a similar range of specific gravity to that of demersal Atlantic salmon (S. salar) larvae. However, their mean specific gravity (1.0483 g cm
23
) is close to the mean specific gravity (1.0463 g cm
) of Pacific bluefin tuna (Thunnus orientalis) larvae of similar size ( 5 mm TL), which are planktonic (Takashi et al., 2006) . Additionally, concentrations of Doryteuthis opalescens paralarvae off California have been found in depths between 15 and 30 m, which suggest a midwater, planktonic habitat (Zeidberg and Hamner, 2002) . This observation implies that specific gravity per se may not determine the vertical Effect of yolk utilization on the specific gravity of chokka squid distribution of squid paralarvae in the water column and that species-specific swimming, vertical migration behaviour, and local hydrodynamics (Franks, 1992) are just as important. Also of interest in the results of the present study is the deviation of specific gravity (as yolk is utilized) from the standard exponential decay model, with some indication of a discontinuity after 4 d (Figure 2 ). This could be accounted for by selective utilization of yolk components, already observed in fish and invertebrate embryos, and larvae (Kamler, 2008; Martínez et al., 2008) . For L. reynaudii, no data on the biochemical profiles of the yolk are available, but cephalopod yolk is composed mostly of phospholipoproteins (Lee, 1991) . Protein is catabolized for energy production preferentially over lipids (Nelson and Cox, 2004) , and this would be particularly true in cephalopods, which have a vigorous protein-based metabolism (Lee, 1994) . As buoyancy is sensitive to the biochemical composition of fish larvae and invertebrate zooplankton, it is proposed that the specific gravity trend we observed was caused by the selective use of yolk components (Yin and Craik, 1992; Campbell and Dower, 2003) . This trend is illustrated schematically in Figure 8 .
In our study, specific gravity was shown to be a function of yolk content in newly hatched paralarvae, but there are other variables that may need to be considered to refine this work. First, independent of yolk content, specific gravity may vary with a circadian cycle reflecting the physiological condition of paralarvae (Vidal et al., 2006) , as observed in fish larvae (Sclafani et al., 1997; Hare et al., 2006) . Second, fed paralarvae may show changes in specific gravity in a different manner from starved paralarvae during the yolk-utilization phase. This is due apparently to the slower utilization of yolk in fed paralarvae (Vidal et al., 2002 (Vidal et al., , 2005 . Also, specific gravity may be temporarily influenced by the type of food in the gut of paralarvae. Finally, the specific Sclafani et al. (1993) . b Peterson and Metcalfe (1977) . Kelman and Emlet (1999) . j Pennington and Emlet (1986) . k Nozais and Duchêne (1996) . l Gallager et al. (1996) . m Gallager (1985) . *At yolk sac exhaustion. **Newly hatched larvae. ***Post yolk larvae. ****Before feeding/swimbladder inflation. *****Pediveliger. ******From the tip of the mantle to the base of the first arm pair.
gravity of paralarvae could be affected by temperature-induced changes in the density of the aqueous component of paralarva tissues, as in fish eggs and larvae (Peterson and Metcalfe, 1977; Zeldis et al., 1995) .
Horizontal dispersal vs. specific gravity
Horizontal dispersal in the simulations was mostly westward and subsurface for both inshore and offshore release areas. This supports the westward transport hypothesis proposed by Roberts (2005) , which postulates that squid paralarvae hatched on the eastern Agulhas Bank spawning grounds will be transported by currents passively towards the central Agulhas Bank where there is a nursery ground for the paralarvae near the food-rich cold ridge. It is important to remember that no biological attributes were assigned to the particles, so the results reflect only the effect of varying specific gravity. Also, simulations were designed to cover the duration of the yolk reserve only, and the fate of particles thereafter was not assessed.
The simulations clearly show that release area is an important factor influencing dispersal, with particles released on the midshelf spreading wider and travelling farther than those released inshore. Particle buoyancy was similarly important, with specific gravity reducing dispersal and retaining particles closer to shore. Hence, there was no leakage to offshore, oceanic waters, in contrast to the fate of the neutrally buoyant particles. It is also important to note that these results improve on those of Roberts and Mullon (2010) , who ran the first Lagrangian ROMS -IBM for chokka squid. In that study, the early versions of ROMS (referred to as PLUME; Penven et al., 2001) and the IBM (which has now been developed into Ichthyop) were used, and in the absence of high resolution of the model and information on specific gravity, it showed large losses of neutrally buoyant particles from the eastern Agulhas Bank to the open ocean.
Within the context of the westward transport hypothesis and the early life cycle of chokka squid, specific gravity would seem to play an important role by maintaining paralarvae inshore on the eastern Agulhas Bank, where feeding conditions are thought to be more favourable during passive transport to the nursery ground on the central Agulhas Bank. Such behaviour would offset paralarva starvation, which is very possible during the first few days post-hatch, i.e. during the "no net growth" phase (Vidal et al., 2002) , and improve recruitment success.
Modelled vs. observed vertical distribution
Both particle types in the model were distributed throughout the water column-as opposed to particles remaining only in the bottom layer, where they were introduced. Given that particles were neutrally or negatively buoyant and had no swimming capabilities, such a distribution can only be possible as a result of hydrodynamic turbulent mixing. Turbulent mixing has been invoked as a factor that assists in the maintenance of vertical position for negatively buoyant squid paralarvae and ichthyoplankton by a number of authors, e.g. Zuev (1964) , Sundby (1991) , and Zeidberg and Hamner (2002) . Chokka squid paralarvae held in aquaria continuously jet in the vertical dimension to maintain height in the water column under quiescent hydrodynamic conditions, which verifies the specific gravity values obtained in this study. Jetting, however, is costly in terms of energy, and when resting, the paralarvae sink to the tank bottom. Such benthic behaviour is not observed in the model results, so it would appear that although specific gravity increases the downward force on a particle, hydrodynamic turbulence produces an (greater) upward force component such that the particles become dispersed higher into the water column. This would account for the similar vertical distribution patterns between the neutrally buoyant particles and those with a greater specific gravity, shown in Figure 7 .
To check the correctness of turbulence in the ROMS, and hence the IBM vertical distribution results, field depth data for D. opalescens paralarvae from Zeidberg and Hamner (2002) were included in this study. Doryteuthis opalescens lives off the west coast of the United States. Their paralarvae were sampled in a range depth between 50 and 100 m and are shown as a composite in Figure 7 . A similarity between the modelled distributions and the field data exists in so far as both are found throughout the water column, including the surface layer, which supports the notion that turbulence plays a role. However, the trend in the field data is also asymmetrical, with more D. opalescens paralarvae being closer to the shallower depths. This contrasts the modelled results for the varying specific gravity particles at both the Bay In and the Bay Off sites and suggests a degree of selfmanoeuvrability by the live paralarvae towards the surface. It would therefore seem that both hydrodynamic turbulence and swimming account for the distribution of squid paralarvae in the water column. Future work needs to investigate the swimming ability of squid paralarvae as a function of age.
Although the role of turbulence has been stressed, it is important to note that a significant proportion of model particles, both neutrally and negatively buoyant, still remained at the release depth, and this was particularly obvious at the deeper Mid-Shelf release site (i.e. 109 m). This suggests that the extent of turbulence reproduced in the ROMS configuration is realistic because it Figure 8 . Conceptual hypothetical schematic phases in the changes in the body specific gravity in L. reynaudii paralarvae, based on the data showed in Figures 1 and 2. (1) Initial phase, high energy expenditure owing to active jetting to the surface (Vidal et al., 2005) , with the protein components of the yolk catabolized quickly and dramatic changes in the specific gravity. (2) Intermediate phase, lipid and protein components become evenly distributed, and there is a slowing of the variation in the specific gravity. (3) Final phase, protein components are exhausted and the yolk is mainly lipidic in composition, with dramatic changes in the specific gravity.
produces a time-dependent diffusion pattern of particles over the 7-d simulation, as opposed to a homogenous distribution, which would be unrealistic.
Conclusions
This study greatly improved on the first Lagrangian particle tracking simulations undertaken by Roberts and Mullon (2010) in which a primitive ROMS -IBM was used with neutrally buoyant particles to represent squid paralarvae. Of concern in the earlier results were the observed high advective losses of particles from the eastern Agulhas Bank to the open ocean, and the dire consequence that would have on recruitment. In the present study, however, we showed experimentally that chokka squid paralarvae are negatively buoyant when hatched and that their specific gravity decreases as yolk is utilized, but always remains greater than that of seawater. Simulations from the newer Ichthyop Lagrangian tracking IBM configured together with an improved version of ROMS specifically for the eastern Agulhas Bank (the main spawning grounds of chokka squid) showed neutrally buoyant particles for both inshore (embayment) and mid-shelf release sites dispersing west towards the central Agulhas Bank, where zooplankton (food) is more abundant. This finding supports the westward transport hypothesis of Roberts (2005) , at least during peak spawning in November, for which the simulations were run.
The new simulated dispersal plume for the neutral particles released on the mid-shelf extends offshore at the southern tip of the Agulhas Bank and implies losses of paralarvae similar to those observed by Roberts and Mullon (2010) 
Q3
. However, including experimental specific gravity data in repeated simulations reduced the plume length (i.e. the transport distance). This halted the particle loss to the open ocean and abbreviated dispersal from the inshore release sites.
The vertical distribution profiles from the simulations indicated that plume length, i.e. transport distance, was significantly influenced by the presence of particles in the surface layer, which actually only involved neutral particles. Reduced plume length was caused by the absence of particles in the surface layer as a result of the introduction of a greater specific gravity to the particle; deeper particles were subjected to slower currents relative to those in the surface. A consequence of this is that subsurface particles will take longer to reach the cold ridge and some feeding will be required on route, given the 4 -6 d starvation threshold already determined by Vidal et al. (2005) and Martins et al. (2010) .
